This paper discusses resilient Poisson's ratio of hydraulic, graded iron and steel slag base-course material based on a series of repeated loading triaxial compression tests on the specimens compacted with a maximum dry density and an optimum water content and cured for 0, 28, 91 and 365 days. It is shown that resilient Poisson's ratio for no cured specimens is stress dependent in such a way that it increases with deviatoric stress and decreases with mean effective principal stress. As curing time increases, however, the magnitude of resilient Poisson's ratio becomes smaller and its stress dependency vanishes: at curing time of one year, resilient Poisson's ratio appears independent on both mean effective principal and deviatoric stresses and can be taken as constant. Resilient Poisson's ratio can be well expressed by a power function of these two stresses. It is indicative that stress-dependency in resilient Poisson's ratio fades away after hydraulicity has sufficiently developed, which may justify the use of a constant value for resilient Poisson's ratio in pavement response analyses.
INTRODUCTION
Iron and steel slag aggregate for use in road construction was standardized and added to Japanese Industrial Standards in 1979 1) . Since then, iron and steel slag aggregate has been used in base-course and hot asphalt mix, at least where it is available and economically transportable. Its application to road construction, as an alternative to natural aggregate, is expected to increase because of difficulty in getting good-quality natural aggregate due to social attention to natural environment protection.
Although empiricism predominates the design practice of asphalt pavement structures in Japan yet, the design method of asphalt pavement structures is moving gradually toward a semi-theoretical design method such as Mechanistic-Emperical Pavement Design Guide 2) . The structural analysis of asphalt pavement is one of the essential parts in the semi-theoretical design method. The current Japanese pavement design guide adopts a multi-layer linear-elastic model and Table 1 is the example of Table 1 Elastic modulus and Poison's ratio for each pavement layer presented in Japanese pavement design guide 3) . resilient parameters, modulus and Poisson's ratio, provided by the guide 3) . As can be seen, the provided information is premature and certainly not sufficient for actual use; thus these input information need to be improved.
Materials Elastic modulus (MPa)
Regarding resilient characteristics of base and subgrade materials, much attention has been paid to resilient modulus of unbound granular material. In order to take into account a bit more realistic deformation characterstics of base and subgrade materials, its nonlinearity or stress-dependency has been investigated in some details and many references and summary reports can be found in the literature e.g., 4)-6) ; furthermore, various attempts have been made to implement the stress-dependent resilient modulus in the structural analysis of asphalt pavement e.g., 2),7), 8) . On the other hand, resilient Poisson's ratio has received only a little attention probably because of practical difficulty in obtaining reliable measurements of horizontal displacement compared to axial displacement measurements in laboratory element tests. A premise that resilient Poisson's ratio has little influence on pavement response may also lead to this unfavorable situation. However, this premise is only applicable in dealing with isotropic media, and in case of cross-anisotropic media, Poisson's ratio is reported to have a significant influence on horizontal and vertical stresses and displacements under realistic circumstances 9),10) . Hicks and Monismith 11) , based on the results of a series of repeated loading triaxial compression tests, investigated stress-dependent resilient Poisson's ratios for partially crushed gravel and crushed rock and showed that resilient Poisson's ratio increased with decreasing confining stress, 3 , and increasing repeated axial stress, 1 . Furthermore, the following third-order function of principal stress ratio, 1 / 3 , was successfully applied to express the relationship between resilient Poisson's ratio and principal stress ratio.
where A 0 , A 1 , A 2 and A 3 are regression constants. By conducting cyclic triaxial compression tests with two different stress paths, Allen and Thompson 12) also investigated the resilient Poisson's ratio for crushed limestone, siliceous gravel and their mixtures, and used the above equation to express the stress dependency of resilient Poisson's ratio. It is noticeable, in these two independent studies, that resilient Poisson's ratios were reported to become greater than 0.5 for some stress conditions and that such a large resilient Poisson's ratio was considered due to the cross-anisotropic behavior of compacted unbound granular material.
Nishi et al. 13 )-15) investigated resilient Poisson's ratio of iron and steel slag base-course material by conducting a series of repeated loading triaxial compression tests. The resilient Poisson's ratio is reported to have varied with principal stresses as observed by Hicks and Monismith 11) and be well described using a quadratic function of principal stress ratio, Equ (1) without the third-order term. All the resilient Poisson's ratios reported, however, are smaller than 0.5, which could probably be due to a difficulty in deriving horizontal displacement from measured volumetric changes.
The aim of this paper is to provide and discuss the resilient Poisson's ratio for hydraulic, graded iron and steel slag base-course material by carrying out a series of repeated loading triaxial compression tests with focus on its stress dependency and the infuence of hydraulicity on the resilient Poisson's ratio.
MATERIAL TESTED AND SAMPLE PREPARATION
Iron and steel slag has been a standard pavement material designated in Japanese Industrial Standards since 1979 and Table 2 summarizes the quality requirements for iron and steel slag used as base-course material in road construction 1) . The range of grading curves is also designated in the Standard as shown later. In Table 2 , "aging" means a treatment chemically stabilizing free lime con- tained in steel slag and sulfur in air-cooled blast-furnace slag, and the minimum period of time is specified in the Standard. Moreover, "coloration" is to confirm whether or not "aging" treatment is completed for blast-furnace slag, and "immersion expansion ratio" is to confirm that the stabilization of free lime in steel slag is sufficient. Iron and steel slag possesses hydraulic nature to a greater or lesser extent. In case of granulated blast-furnace slag, for instance, hydraulicity results from hydrates formed with calcium oxide, silica dioxide and alumina oxide seeped out from vitrified portion in the slag upon contact with water and in an alkaline environment. Air-cooled blast-furnace slag and steel slag also possess vitrified portions but only a little; thus hydraulic nature is much smaller than the granulated blast-furnace slag. Hydraulic, graded iron and steel slag is composed of blast-furnace slag alone, a mixture of blast-furnace slag and steel slag, or a mixture of other combinations of slag with or without additives.
The test material used in this study is a hydraulic, graded iron and steel slag base-course material consisting of blast-furnace slag without additives and is commonly available in Japan. Needless to say, it satisfies the quality requirements mentioned above. Its compaction characteristics are as follows: the optimum water content of 11.5%, the maximum dry density of 2.13 Mg/m 3 and the specific gravity of 2.369. Fig.1 shows the grading curve of the sample, together with the upper and lower bounds designated in the Standard. It is seen that the sample is within the range specified in the Standard.
For specimen preparation, the water content of material was first adjusted to its optimum water content. Then, a prescribed amount of the material was placed into a mould in 5 to 6 stages, in each stage compaction being performed, in such a way that the resulting dry density becomes its maximum dry density. Note that grains not passing a 19.1mm sieve were excluded for the specimen preparation considering the specimen size with a diameter of 100 mm and a height of 200 mm. Each specimen with a mould was double-wrapped up with polyethylene bags and a weight of 49N was placed on its top until it was served to testing 17) . In this study, 3 pieces of specimens were made each for uniaxial comression test and repeated loading triaxial compression test for each curing time. The curing time set in this study are 0, 28, 91 and 365 days, and specimens are cured in a dark room with constant moisture and temperature of about 60% and 20˚C, respectively. Table 3 shows, as an example, the water content, dry density and compaction degree of the samples at the sample preparation and the water content after repeated loading triaxial compression tests.
To grasp development of hydrauliscity in the specimens with curing time, Fig.2 shows the plot of uniaxial compressive strength against curing time. It is seen that, although increase of uniaxial compressive strength stagnates at the early stages, the 365-day cured specimens exhibit uniaxial compressive strength of four to six times greater than the specimens without curing. Not presented here but the development of hydraulicity is strongly affected by the compaction degree: the samples formed with 95% and 90% compaction efforts exhibited about 53% and 46% of the 100%-compacted ones, respectively. According to the past data compiled by Japan Slag Association 16) , this extent of increase in uniaxial compressive strength can be expected for slag base-course materials commonly available. 
REPEATED LOADING TRIAXIAL COMPRESSION TEST
The repeated loading triaxial compression test system used in this study has already been reported elsewhere 17) , thus it is only outlined here. It consists of axial loading, lateral loading, triaxial cell and control units. Compressed air is used for axial loading and is converted to water pressure for lateral loading. Repeated axial load is applied onto the specimen with a double-action Bellofram air cylinder by controlling the compressed air by an electro-pneumatic transducer through a servo-amplifier and any load waveform can be set using a functional synthesizer. A load cell is installed between the loading piston and the cap inside the triaxial cell as shown in Fig.3 , and the axial displacement of the specimen is measured using non-contact displacement sensors and targets attached on the side of the specimen as shown in Figs.3 and 4 . A total 8 sensors, 4 on the upper portion and 4 on the lower portion, are used. The range of measurement and resolution are 10mm and 1μ, respectively for the upper 4 sensors, and those for the lower 4 sensors are 6mm and 0.5 μ, respectively. The horizontal displacement of specimen is measured using a radial displacement ring (Fig.5) which was manufactured using strain gauges, steel spring, etc. As shown in Fig.4 , it is attached on the specimen at its mid-height.
Regarding repeated loading, the loading and pausing durations adopted in this study are 0.4 and 1.2 seconds, respectively, which are determined from constraints resulting from the use of compressed air. the applied waveform is a harversine shape. The loading sequence basically follows the testing method T-292 designated by AASHTO 18) ; but as shown in Fig.6 , the magnitude of applied deviatoric and mean effective principal stresses slightly differs: that is, the deviatoric stress ranges from 0.059 to 0.236 MPa and the mean principal effective stress from 0.049 to 0.216 MPa, based on the previous experience 19) . 
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TEST RESULTS AND DISCUSSIONSS (1) Resilient Poisson's ratio
Resilient Poisson's ratio, r is defined as
in which r is horizontal strain and a is axial strain. In this study, axial strain is computed from axial displacement measured using the non-contact displacement sensors and targets attached on the side of specimen. Horizontal strain is computed from horizontal displacement measured using the displacement ring attached on the mid-height of specimen. In general, specimens are implicitly assumed to be deforming in a cylindrical shape during repeated loading. However, it seems more realistic to assume that specimens have deformed in a barrel shape, its top and bottom face having been confined, according to the experimental studies on unsaturated compacted soil conducted by Karube 20) , 21) . Following this assumption and using a horizontal displacement measured at the mid-height of specimen, d b (mm), the equivalent horizontal displacement, d c (mm), is obtained by converting a barreled specimen to a cylinder under the condition of equal volume using the following conversion equation:
In Fig.7 , all the resilient Poisson's ratio computed using d c and d b is plotted for reference. From this figure, the resilient Poisson's ratio by d b is seen to be about 1.5 times greater than those by d c . It could be safe to say that the real values of resilient Poisson's ratio lie between these two bounds. In the followings, all the Poisson's ratios are those computed using d c . Fig.8 shows all the resilient Poisson's ratio obtained from 3 specimens for each curing condition except that for 28-day curing time, test data were obtained from only two specimens due to malfunction of the data logger used. In the figure, the maximum, minimum and average values are also indicated for each curing time. It is seen that no cured specimens exhibit a wide range of resilient Poisson's ratio from 0.24 to 0.67 and that even at a curing time of 91 days, the resilient Poisson's ratio lies within the same range. On the other hand, for a curing time of 365 days, the resilient Poisson's ratio becomes smaller than those in the other three curing time in terms of average values and falls in a narrower range. The coefficients of variation for specimens cured for 0, 28, 91 and 365 days are 0.0717, 0.0632, 0.0741 and 0.0297, respectively.
A large range of resilient Poisson's ratio observed at early stages of curing can be considered attributed to difference among those specimens, though prepared in the same way, and also the stress dependent nature of resilient Poisson's ratio.
(2) Relationship of resilient Poisson's ratio with principal stress ratio In Fig.9 , all the values of resilient Poisson's ratio obtained for 0-day cured specimens are plotted against principal stress ratios, 1 / 3 , in each different symbol. It is ovserved that there is a relatively large variations in resilient Poisson's ratio among samples. Neverthless, it appears that resilient Poisson's ratio tends to increase with principal stress ratio. Regression curves, expressed by a quadratic equation, Equ. (1) In terms of the regression curve for the whole data in the figure, resilient Poisson's ratio is seen to become greater than 0.5 when an applied principal stress ratio exceeds about 0.35. This may not be unusual, considering the fact that a resilient Poisson's ratio of grater than 0.5 was reported for appled stress ratios greater than 0.3 by Hicks and Monismith 11) and 0.2 by Allen and Thompson 12) . Fig.10 plots all the values of resilient Poisson's ratio for curing time from 0 to 365 days with regression curves for the whole data of each curing time to avoid confusion. Here, the coefficient of determination for 365-day cured samples was as small as 0.005, indicating that the resilient Poisson's ratio is independent on principal stress ratio; thus, a horizontal line with an average value of 0.213 is drawn in the figure. At a glance, the magnitude and stress dependency of resilient Poisson's ratio is seen to differ between 365-day cured samples and the ones cured for shorter periods of time. It seems that the longer the curing time, the smaller the magnitude and stress dependency are, although there is an exception. Considering the fact that changes with curing time in the magnitude of horizontal and vertical strains measured during test, it might well be that, as the curing time increases, the samples harden due to the devepment of hydraulicity and the aggregates become less deformable horizontally than vertically attributing to specimens' preparation with tamping down.
(3) Relationship of resilient Poisson's ratio with mean effective principal and deviatoric stresses Here, an attempt was made to investigate the possibility of approximating resilient Poison's ratio in Fig.9 Relationships of resilient Poisson's ratio with stress ration for no cured specimens. the same form of equation as used for resilient modulus which is expressed as follows 17) :
where p is mean effective principal stress (MPa), q is repeated deviatoric stress (MPa), and k, m, n are regression constants. Fig.11 shows resilient Poisson's ratio obtained from 3 specimens without curing against mean effective principal stress for a repeated deviatoric stress of about 0.088MPa. There exists a difference among three specimens but for all the specimens, resilient Poisson's ratio decreases with mean effective principal stress. In Fig.12 , for the same 3 specimens as above, resilient Poisson's ratio is plotted against repeated deviatoric stress for a mean effective principal stress of about 0.157 MPa. It is seen that the resilient Poisson's ratio increases with deviatoric stress. Not shown here but similar tendencies to these are also observed for other stresses. It appears interesting to realize that the resilient Poisson's ratio exhibits reverse relationships with these stresses from those observed in resilient modulus. The latter increases with mean effective principal stress and descreases with deviatoric stress.
In the figure, regression curves, obtained by multiple linear regression analyses, are also depicted in terms of solid lines for each specimen and of a dashed line for the whole data. The coefficients of determination are 0.895, 0.905 and 0.977 for each specimen, and for the whole data, 0.728 is obtained with k, m and n of 0.275, -0.540 and 0.349, respectively. A fairly good approximation can be said to be made. Fig.13 shows a variation with curing time in the relationships between resilient Poisson's ratio and mean effective principal stress for a deviatoric stress of about 0.117 MPa. All the data are plotted but only regression curves for all three specimens for each curing time are depicted, just as in Fig.10 . The regression constants in Equ. (4) and coefficient of determination are summarized on Table 4 . It is seen that, as curing time increases, resilient Poisson's ratio decreases and its stress dependency fades away. A very small value of the coefficient of determination at a curing time of 365 days indicates that the resilient Poisson's ratio can be considered independent on mean effective principal stress: it may be substituted by an average value of 0.213 and From the above, it can be said that resilient Poisson's ratio is well expressed with a power function in terms of mean effective principal stress and deviatoric stress, in the same form as for resilient modulus, and that the power function provides a better approximation than the equation with principal stress ratio. Furthermore, the stress dependency fades away with curing time and for a longer period of time, resilient Poisson's ratio may be considered constant, being equal to 0.213.
Considering design periods of from 10 to 20 years for asphalt pavements, use of a constant value for resilient Poisson's ratio in pavement response anaysis may be justified. However, from shortly after construction up to say one year after, it is safe to say that variations in resilient Poisson's ratio with curing time and applied stresses could have an influence on pavement response and it seems desirable to take them into account in the analysis of pavement response.
CONCLUSIONS
In this paper, resilient Poisson's ratio of hydraulic, graded iron and steel slag base-course material presented based on a series of repeated loading triaxial compression tests on the specimens compacted with a maximum dry density and an optimum water content and cured for 0, 28, 91 and 365 days, and its dependency on applied stresses and curing time is discussed. Although the total number of tests conducted are limited, the followings can be pointed out.
-For specimens without curing, resilient Poisson's ratio lies in a wider range from 0.24 to 0.67 (0.389 in average) but its range becomes narrower to between 0.12 and 0.29 (0.213 in average) for a curing time of one year. -Resilient Poisson's ratio is basically dependent on applied stresses; it increases with repeated deviatoric stress and decreases with mean effective principal stress, which are reverse relationships observed for resilient modulus in the previous studies.
-The stress dependency in resilient Poisson's ratio fades away as curing time increases, and at a year of curing, it may be taken as constant, being equal to 0.213. -Resilient Poisson's ratio can be well expressed with a power function of mean effective principal stress and deviatoric stress in the same form as for resilient modulus in the previous studies.
In this paper, the power function for representing the resilient Poisson' ratio does not include a time factor, the curing time but this is because accumulation and quantitative analysis of more test data are considered necessary. The expression improved with a time factor will be proposed in due course.
This study has also confirmed that resilient Poisson's ratio for the hydraulic, graded iron and steel slag base-course material with a curing time up to 91 days exceeds 0.5 depending on the applied stress conditions, and it is to say that the material has behaved like compacted unbound granular materials as reviewed in Introduction. Taking this into account in the pavement response analysis certainly requires ingenious attempts e.g., 22) , which is beyond the scope of this paper.
